Mitochondria are important cellular organelles in eukaryotic cells and play a crucial role in the generation of adenosine triphosphate (ATP) for biological energy through oxidative phosphorylation. As with chloroplasts, mitochondria have their own DNA and are selfreplicating organelles (Alberts et al., 2002) . In animal cells, mitochondrial DNA (mtDNA) is maternally inherited. However, mtDNA in fungi is inherited by one of two types of mechanisms: uniparental inheritance (UPI) or biparental inheritance (BPI) (Basse, 2010; Birky, 1975 Birky, , 2001 Fukuda et al., 1995; Matsumoto and Fukumasa-Nakai, 1996) . Fungal mtDNA, which has various sizes ranging from 19 to 121 kb, tends to have a faster evolutionary rate than nuclear DNA (Brown et al., 1982; Bruns and Szaro, 1992) . Mitochondrial cytochrome c oxidase 1 (COX1) and ribosomal DNA (rDNA) sequences have been used as DNA barcodes for fungal identifi cation and examination of molecular evolution (Gonzalez and Labarère, 1998; Mouhamadou et al., 2008; Seifert et al., 2007) .
Currently, the complete mtDNA sequences of 11 species in three subphylums within the phylum Basidiomycota (Agaricomycotina, Pucciniomycotina, and Ustilaginomycotina) have been revealed; these mtD-NA molecules have circular forms. Within the subphylum Agaricomycotina, mtDNA of the edible mushroom Pleurotus ostreatus (Wang et al., 2008) and phytopathogenic basidiomycete Moniliophthora perniciosa (Formighieri et al., 2008) has been studied. It was found that there are various differences in genome size, GC content, and gene order between these species. Fourteen genes associated with oxidative phosphorylation, two rRNA genes, and a ribosomal protein gene are well conserved between closely related species (Formighieri et al., 2008; Wang et al., 2008) . However, there are some differences in the numbers of transfer RNA genes and hypothetical open reading frame (ORF) genes between the species, and the conserved gene order is different depending on the phylogenetic relationship (Formighieri et al., 2008; Wang et al., 2008) .
Flammulina velutipes, which belongs to the phylum Basidiomycota, is a white-rot fungus capable of degrading lignocelluloses. F. velutipes grows on withered trunks of broadleaf trees and their stumps. The wildtype strain of F. velutipes is dark brown in color but some members of the strain developed through breeding are white. Among the F. velutipes strains, white mushrooms have become a very popular food in Asia and Europe. In this study, the complete F. velutipes mtDNA sequence was determined, and the structure and function of the mtDNA genes were analyzed.
The hyphae of F. velutipes 4019-20, a monokaryotic strain, were obtained from the Rural Development Administration (RDA) in South Korea. The mycelia were grown on Potato Dextrose Broth (PDB; 4 g/L potato peptone, 20 g/L glucose and pH 5.6 0.2) for 15 days at 25 C at 50 rpm. The mycelia were harvested and lyophilized. The total genomic DNA of F. velutipes 4019-20 was extracted according to the method described by Kim et al. (1990) , with some modifi cations. Briefl y, 15 g of lyophilized mycelia was used to extract total DNA, and mtDNA was prepared using CsCl-bisbenzimide density gradient centrifugation (Garber and Yoder, 1983) . The isolated mtDNA was digested with three restriction endonucleases (EcoRI, BamHI and HindIII), and mtDNA fragments were ligated into the corresponding restriction sites of pBluescript II KS(+) and pUC 18 vectors. The ligated DNA molecules were Inward from the outermost, each circle is described as follows: (i) 15 protein-coding genes, 16 hypothetical ORF genes, 2 rRNA genes and 26 tRNA genes in the clockwise strand; (ii) 1 hypothetical ORF gene in the anticlockwise strand; (iii), (iv) and (v) are the results of a BLAST comparison (cut off: e-5) of the 15 protein-coding genes between F. velutipes and the species of the class Agaricomycetes, respectively; (vi) GC content of the entire sequence; and (vii) GC-skew (G C/G+C) analysis. transformed into Escherichia coli strains JM 109 and XL-1 Blue using the CaCl 2 method. Cloned mtDNA fragments were sequenced using the T3 and T7 primers and an ABI 3730xl sequencer (Applied Biosystems, Foster City, CA, USA), and primer walking was carried out for long DNA fragments.
The raw sequences were subjected to base-calling by running Phred (Ewing et al., 1998) in a Linux system followed by transfer to FASTA formats. Vector sequences were trimmed using Cross_match (Ewing et al., 1998) with default parameters (minmatch 12, penalty 2, and minscore 20). Sequences having a length of more than 100 bp after vector trimming were subjected to further analysis. DNA sequences were aligned and assembled into contigs using CAP3 software (Huang and Madan, 1999) when the criterion of a minimum identity of 95% over 50 bp was met. The remaining gaps were fi lled using the Genome Walker kit (BD Biosciences Clontech, Palo Alto, CA, USA) or direct polymerase chain reaction (PCR). The complete mtD-NA sequence was deposited in GenBank (JN190940).
Conserved genes of fungal mtDNA were annotated using a BLAST search against the non-redundant protein (NR) database, and conserved or non-conserved hypothetical ORFs longer than 300 bp were predicted using ORF Finder (NCBI, http://www.ncbi.nlm.nih. gov). Transfer RNAs were predicted using tRNAscan-SE (http://lowelab.ucsc.edu/tRNAscan-SE/). Two ribosomal RNAs were identifi ed by multiple sequence alignment, using the Clustal X program (Thompson et al., 1997) , with mitochondrial rRNAs of other basidiomycetes. Codon usage was analyzed using DNASTAR software (DNASTAR, Madison, WI, USA), and the mold mitochondrial code and the Mycoplasma code were used. A genetic map of the mtDNA was constructed using CGView server, and GC content and GC skew were simultaneously analyzed (Grant and Stothard, 2008) . The comparative analysis of gene order was performed using the complete mtDNA genomes of six basidiomycetes (Cryptococcus neoformans, AY101381; M. perniciosa, AY376688; P. ostreatus, EF204913; Schizophyllum commune, AF402141; Trametes cingulata, GU723273; and Ustilago maydis, DQ157700). All conserved genes in fungal mtDNA, excluding polymerase genes, were analyzed. The linear map of mtD-NAs, beginning with the COX1 gene in a clockwise direction, was constructed using the OrganellarGenome DRAW (OGDRAW) tool (Lohse et al., 2007) .
The F. velutipes mtDNA molecule was circular and contained 88,508 bp with a GC content of 16.50%. The annotation of mtDNA was performed using BLAST algorithms based on sequence similarity with the Gen-Bank sequence database. This analysis showed that there were 15 genes encoding proteins including three cytochrome c oxidase, seven NADH dehydrogenase, and three ATP synthase genes as well as one apocytochrome b gene and one ribosomal protein gene. There were also large subunit and small subunit ribosomal RNA genes (Fig. 1 ). These protein-coding genes and rRNA genes showed high similarity to those in basidiomycetes mtDNA. The 26 tRNA genes identifi ed in the mtDNA sequence could carry 20 standard amino acids. Among these, there were three copies of tRNA-Met and two copies each of tRNA-Arg, tRNA-Ile, tRNA-Leu, and tRNA-Ser (Fig. 1) . The copy number of all tRNA genes except tRNA-Ile was identical in the three basidiomycetes species (F. velutipes, M. perniciosa and T. cingulata).
Interestingly, neither RNA polymerase nor DNA polymerase genes were detected in F. velutipes mtDNA. Unlike F. velutipes, it has been reported that the linear plasmid coding for Rpol and Dpol are stably integrated into M. perniciosa mtDNA (Formighieri et al., 2008) . In P. ostreatus mtDNA, two Dpol genes and one Rpol gene are identifi ed; these genes have a sequence similarity of 28% with the polymerase genes in the mt plasmid (Wang et al., 2008) . As in the case of F. velutipes, neither Dpol nor Rpol genes are found in the mtDNA of S. commune or T. cingulata (Haridas and Gantt, 2010) .
Seventeen conserved or non-conserved ORFs longer than 100 amino acids were identifi ed in the intragenic or intergenic regions. One intronic ORF (oi1n-ad5), encoding a putative homing endonuclease, was found at intron 1 of the NADH dehydrogenase 5 gene (nad5). Among the seven ORF genes identifi ed at seven introns of the COX1 gene (cox1), six ORF genes encoded a putative homing endonuclease, excluding the intronic ORF at intron 4 of cox1 (oi4cox1) (Fig. 1) . These genes had a high similarity with the cox1 intronic ORF in the mtDNA of other basidiomycetes.
The mtDNA sequences of S. commune, P. ostreatus and M. perniciosa have a GC content of 21%, 26%, and 31%, respectively (Formighieri et al., 2008; Wang et al., 2008) . Compared to mitochondrial genomes identifi ed so far, the mtDNA of F. velutipes was found to have a relatively lower GC content than that of other basidiomycetes. The overall GC content and GC skew are shown in a genetic map of mtDNA (Fig. 1) . We analyzed the cumulative GC skew of the entire sequence (data not shown). The replication origin was not detected within mtDNA of F. velutipes, as in the case of T. cingulata (Haridas and Gantt, 2010) .
By analyzing the codon usage for 15 protein-coding genes, a total of 4,889 codons were identifi ed. The preferred codons for each amino acid were analyzed (Table 1) . Among codons for leucine, CUC was not used, and for the cysteine codon, only UGU was used. Among codons for arginine, AGG and CGC were not used, and in glycine codons, GGC was not used. As a result of the analysis of 26 tRNAs, the 24 tRNA anticodons were identifi ed. Among these, tRNA-Arg, tRNA-Ile, tRNA-Leu, and tRNA-Ser were able to recognize the two types of codons, respectively. Table 4 (the mold mitochondrial code and the Mycoplasma code) is used (NCBI Taxonomy Group, http://www. ncbi.nlm.nih.gov/taxonomy). All amino acids are marked by abbreviation. The anticodons, which can recognize the codons by the wobble rules, are shown in parentheses. The stop codon is represented by a dot. Table 2 . Analysis of codon usage of 17 conserved or non-conserved ORFs in the mtDNA of F. velutipes.
Gene symbol
Among codons for amino acids of 17 conserved or non-conserved ORFs, only 6 codons, not used in 15 protein-coding genes, are shown. Four amino acids are marked by abbreviation, and Ter indicates a termination codon.
By performing an analysis based on the wobble rules (Jukes, 1984) , we predicted that the tRNA anticodons could recognize all codons of the 15 conserved genes in F. velutipes mtDNA. UAA was used as a termination codon in all protein-coding genes (Table  1) . Codon usage for 17 conserved or non-conserved ORFs was also analyzed. We found that 15 conserved or non-conserved ORFs use codons which are not used in 15 protein-coding genes ( Table 2) excluding two ORFs (oi2cox1 and orf174). There were no significant differences in codon preference between the seven ORFs encoding a putative homing endonuclease and 10 other ORFs (data not shown). Of 15 conserved or non-conserved ORFs mentioned above, codons for amino acids showed some differences compared to those for 15 protein-coding genes. However it is unclear whether these ORFs are authentic genes or not.
To compare the conserved gene orders among seven basidiomycetes species, linear maps of each mtD-NA sequences were constructed. Four basidiomycetes species (F. velutipes, M. perniciosa, P. ostreatus and S. commune) belong to the Agaricales in the class Agaricomycetes. T. cingulata belongs to the polyporales (class Agaricomycetes). U. maydis and C. neoformans belong to the subphyla Ustilaginomycotina and Agaricomycotina, respectively. All linear maps were aligned based on phylogenetic analysis of the COX1 protein sequence, and all conserved genes excluding the polymerase gene were compared (Fig. 2) .
In Agaricomycetes mtDNA, the NADH dehydrogenase genes (nad2-nad3 and nad4L-nad5) tended to cluster together in close proximity as described by Formighieri et al. (2008) . Similar to Agaricomycetes, these genes were also found close to each other in both U. maydis and C. neoformans. Interestingly, in three species of Agaricomycetes (excluding F. velutipes), cox3 is located at an upstream region of nad4L, but in F. velutipes, cox3 is situated in an intronic region of nad5 between exons 2 and 3. In members of the class Agaricomycetes (except for T. cingulata), nad4 and nad6 were found in close proximity. T. cingulata belongs to the order Polyporales as mentioned above, and it is therefore inferred that nad4-nad6 is conserved only in Agaricales mtDNA. In three Agaricomycetes species (except for S. commune), the apocytochrome b gene (cob) and cox2 were found close together. Based on the above results, we deduced that the cob-cox2 group in basidiomycetes mtDNA has a higher phylogenetic resolution than other groups (nad2-nad3, nad4L-nad5 and nad4-nad6). To verify these results, the complete mtDNA sequences of various basidiomycetes species are required.
In summary, the complete mtDNA sequence of F. velutipes was determined in the present study. By analyzing the genes and gene synteny, the characters of F. velutipes mtDNA were analyzed. mtDNA sequences of all fungi belonging to the family Physalacriaceae have not been determined, so the evolutionary characteristics of mtDNA within this family could not be fully examined. Therefore, the complete mtDNA sequences of additional Physalacriaceae family members are required to further elucidate the evolutionary characteristics. To analyze the genetic variation of mtDNA within and between F. velutipes strains, the mtDNA sequence of F. velutipes can be used as a reference sequence. By performing deep sequencing, both single nucleotide polymorphisms (SNP) and insertion-deletion polymorphisms (INDEL) can be analyzed within and between F. velutipes strains. These results will provide valuable information for understanding the physiological traits of F. velutipes.
